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A method and apparatus (10) are provided for selectively oxidizing carbon monoxide in the presence of hydrogen gas while 
leaving the hydrogen substantially unoxidized. This method utilizes a catalytic material (28) which in a more oxidized state is 
readily reduced by carbon monoxide and which in a more reduced state is readily oxidized by air. A carbon monoxide/hydrogen gas 
mixture and air are alternately contacted with the catalytic material, such that the carbon monoxide is selectively oxidized and 
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(57) Abrege 

Cette invention concerne un procede et un appareil (10) permettant d'oxyder de maniere selective du monoxyde de carbone en 
presence d'hydrogene gazeux, tout en laissant I'hydrogene essentiellement inoxyde. Dans ce procede on utilise un materiau 
catalytique (28) qui, a un etat d'oxydation superieur, est facilement reduit par le monoxyde de carbone et qui a un etat de 
reduction supeneur, est facilement oxyde par fair. On met alternativement un melange de monoxyde de carbon e/hydrogene gazeux 
et de I'air en presence avec le materiau catalytique, de sorte que le monoxyde de carbone soit oxyde de maniere selective et aue 
le materiau catalytique soit regenere. M 
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THERMALLY LIMITED SELECTIVE OXIDATION 
METHODS AND APPARATUS 

BACKGROUND OF TH E INVENTION 

1. The Field of the Invention 

The present invention relates generally to apparatus and methods for purifying a 
gaseous mixture with a high H 2 (g) content so that it can be used safely in fuel cells and 
other applications without need for further processing. More particularly, the invention 
is directed to apparatus and methods for selectively oxidizing carbon monoxide in the 
presence of hydrogen gas, thereby al lowing the purified gaseous mixture to be used to 
power fuel cells. 

2. The Releva nt Technology 

Hydrogen gas can readily be produced by well-known processes such as partial 
oxidation of a hydrocarbon with air or oxygen, or steam reforming of a hydrocarbon. 
Historically the major producer of hydrogen gas has been the petrochemical industry, 
which has also been the major consumer. More recently, however, advances in fuel cell 
technology have prompted the development of technologies for the production of 
hydrogen gas suitable for use in fuel cells. These new technologies have included methods 
of producing and purifying hydrogen on a smaller scale; i.e., on a scale appropriate for 
fuel cell usage. It is of particular importance, of course, to purify the hydrogen gas of 
those impurities that adversely affect the performance of the fuel cell. 

In fuel cells of the PEM type (polymer electrolyte membrane (PEM), or polymer 
electrolyte fuel cell (PEFC)), carbon monoxide readily poisons the anode catalyst, even 
at very low levels. While a carbon monoxide impurity of no greater than about 100 ppm 
can be tolerated, even a CO concentration of about 5 ppm can have a significant adverse 
effect on fuel cell performance. Thus, the removal of carbon monoxide from fuel cell gas 
mixtures down to very low levels (preferably less than about 5 ppm) is of particular 
importance for PEM fuel cell applications. 

The CO content of a hydrogen-containing gas can be substantially reduced by 
passing the gas through a water gas shift reactor. This well-known purification method, 
however, is not suitable for removing trace amounts of CO from hydrogen gas mixtures. 
Further purification can be achieved by two well-known methods: passing the gas through 
a catalyst to reduce the CO impurity to methane, and selectively oxidizing the CO impurity 
to C0 2 . 
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Each of these known methods has disadvantages. The former method has the 
disadvantage that three moles of H 2 gas are consumed for every mole of CO removed (CO 
+ 3H 2 CIL, + H 2 0). Moreover, if carbon dioxide is also present in the gas mixture, it 
may also be reduced to methane and water, at a cost of four moles of H 2 gas per mole of 
carbon dioxide removed. 

In selective oxidation as taught by the prior art, air (or oxygen) is added to the 
hydrogen gas mixture. The amount of air (or oxygen) added is equal to or greater than 
that which is stoichiometrically required for complete oxidation of the carbon monoxide 
impurity. The resulting mixture is then passed through a reactor containing a noble metal 
catalyst at an accurately controlled temperature to oxidize the carbon monoxide to carbon 
dioxide, while only a small portion of the hydrogen gas is oxidized. 

For example, U.S. Patent No. 3,216,783 discloses a process for the selective 
oxidation of carbon monoxide in hydrogen-rich gas mixtures by contacting the gas mixture 
with a supported platinum catalyst in the presence of oxygen. More recent work has 
focused on improving various aspects of the selective CO oxidation technology. Thus, 
U.S. Patent No. 5,271,916 discloses a method of operating an H 2 -0 2 fuel cell which 
includes, in part, catalyticaUy oxidizing CO in a hydrogen-rich feed stream in two stages. 
The feed stream is first mixed with a predetermined quantity of oxygen, and the CO is 
oxidized at a first temperature on a first catalyst. The output stream is then mixed with 
a second predetermined quantity of oxygen, and the CO is oxidized at a second 
temperature on a second catalyst. The use of a dual-stage method reportedly produces 
a hydrogen-rich stream having less than 0.01% CO, without substantial reaction of the 
hydrogen. 

Other references disclose methods of oxidizing CO using two air or oxygen 
streams (e.g., US. Patent No. 5,432,021), two catalytic stages (e.g., U.S. Patent Nos. 
5,330,727 and 5,456,889), and various types of temperature control (e.g., U.S. Patent 
Nos. 5,456,889 and 5,518,705) and'or oxygen-containing gas flow control (e.g., U.S. 
Patent No. 5,637,415). Still other references attempt to optimize the CO oxidation 
selectivity and other factors using different catalyst systems, such as alumina-supported 
ruthenium or rhodium (Oh and Sinkevitch, Journal of Catalysis, 142, 254-262, (1993)); 
zeolite-supported platinum (Wd^nabettal^AppliedCatalysis A: General, 159, 159-169 
(1997) and Watanabe et. al., Chemistry Letters, 21-22 (1995)); gold supported on 
manganese oxides (Haruta et. al., Journal of Catalysis, 1 68, 1 25- 1 27 ( 1 997)); and copper 
supported on alumina-based mixed metal oxides (Eguchi et al., Applied Catalysis A: 
General, 169, 291-297(1998)). 
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All of these references, however, are subject to important disadvantages inherent 
in conventionai methods of catalyzed CO oxidation in hydrogen-rich gas mixtures. One 
of these disadvantages relates to the control of the tempcrahire within the reactor. 
Accurate temperature control is necessary to promote complete and selective CO 
oxidation. If the temperature is too low, the oxidation is slow, and carbon monoxide can 
escape the reactor unoxidized. If the temperature is too high, the oxidation is rapid but 
unselective: too much of the added oxygen is consumed by reaction with the hydrogen 
gas, and again carbon monoxide can escape the reactor unoxidized. Although critical, 
accurate temperature control is difficult to achieve. The oxidation of carbon monoxide 
is strongly exothermic (AH = -68.6 kcal/mo! CO), and the full heat of the CO oxidation 
reaction is liberated within the reactor, making control of the reaction temperature a 
matter of some difficulty. 

A second disadvantage of these conventional methods is that they teach that air 
(or other oxygen-containing gas) is to be mixed with the hydrogen-rich gas, to provide the 
necessary oxygen for CO oxidation. While the amount of oxygen added is too small for 
the final mixture to be flammable, during the mixing process the mixture passes through 
a composition state which is not merely flammable but is potentially explosive. Although 
the amount of gaseous mixture in this hazardous condition may be relatively small when 
the system is operating normally, it may become much larger during a malfunction. Thus, 
use of these conventional methods raises serious safety concerns. 

Thus, there is a need for a method which overcomes the disadvantages of the prior 
art while still allowing selective removal of carbon monoxide from hydrogen gas mixtures. 

SUMMAKY 

Methods and apparatus have been developed for selectively oxidizing carbon 
monoxide in a gas mixture containing hydrogen gas without the necessity of mixing air 
into the gas. This is accomplished by alternately (1) contacting the gas mixture with an 
oxygen transfer catalyst in an oxidized state to oxidize the carbon monoxide in the gas 
mixture to carbon dioxide and reduce the oxygen transfer catalyst to a reduced state; and 
(2) reoxidizing the oxygen transfer catalyst by contacting it with an oxygen-containing 
gas, such as air. The method is conveniently carried out at a temperature at which the CO 
oxidation proceeds relatively rapidly, but the undesired oxidation of hydrogen gas 
proceeds relatively slowly, or not at all. 

These features and advantages of the present invention will become more fully 
apparent from the following description and appended claims, or may be learned by the 
practice of the invention as set forth hereinafter. 
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BRIEF DESCR IPTION OF THE DRAWINGS 
Li order to more fully understand the manner in which the above-recited and other 
advantages and objects of the invention are obtained, a more particular description of the 
invention briefly described above will be rendered by reference to specific embodiments 
thereof which are illustrated in the appended drawings. Understanding that these 
drawings depict only typical embodiments of the invention and are not, therefore, to be 
considered limiting of its scope, the invention will be described and explained with 
additional specificity and detail through the use of the accompanying drawings in which: 
Figure 1 illustrates an apparatus according to one embodiment of the invention for 
1 0 adjusting the temperature of a gas stream containing carbon monoxide and hydrogen gas, 
2Q and selectively oxidizing the carbon monoxide; 

Figure 2 illustrates a system according to another embodiment of the invention 
which continuously processes a hydrogen gas mixture by selectively oxidizing carbon 
monoxide; and 

25 1 5 Figure 3 illustrates a laboratory apparatus for demonstrating important aspects of 

the present invention, in which a hydrogen gas mixture is contacted with an oxygen 
transfer catalyst attached to a thermocouple suspended in an electric oven. 

D ETAILED DESCRIPTION OF THE TNVENTTON 
30 The present invention relates to methods and apparatus for effectively reducing 

the concentration of carbon monoxide in a hydrogen-rich gas mixture. In accordance with 
the invention, carbon monoxide in a hydrogen-rich gas mixture is removed to very low 
levels. The resulting purified gas mixture is suitable for use as a fuel in fuel cells and other 
devices incompatible with carbon monoxide. Such devices include, for example, those in 
which carbon monoxide acts as a "poison" which renders the device ineffective for its 
intended purpose. The present invention advantageously removes or eliminates carbon 
monoxide from the hydrogen gas mixture without the need for mixing air or oxygen and 
the hydrogen gas. 

In general, a method for selectively oxidizing carbon monoxide in a hydrogen- 
containing gas mixture according to one aspect of the invention includes providing a gas 
45 30 mixture with hydrogen gas and carbon monoxide, and providing an oxygen transfer 

catalyst having an oxidized state and a reduced state. The method of the invention is 
carried out by alternately performing the steps of: ( 1 ) contacting the gas mixture with the 
oxygen transfer catalyst in the oxidized state so that at least a portion of the carbon 
50 monoxide in the gas mixture is oxidized to carbon dioxide, and at least a portion of the 
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oxygen transfer catalyst in the oxidized state is reduced to the reduced state; and (2) 
reoxidizing the oxygen transfer catalyst in the reduced state to the oxidized state. 

The carbon monoxide in the resulting purified gas mixture is present at levels at 
which the gas mixture is suitable for use in applications, such as PEM fuel cell 
applications, requiring hydrogen gas substantially free of carbon monoxide impurities. 
Further details related to the methods of the invention are discussed below. 

The gas mixture utilized in the method of the invention includes carbon monoxide 
and hydrogen gas, but may also include other gases such as nitrogen, water vapor and 
carbon dioxide. Preferably, the amount of carbon monoxide in the gas mixture is 
relatively small, e.g., less than about 5% by volume. Although the present invention 
provides a method for selectively oxidizing carbon monoxide without releasing the full 
heat of reaction into the reaction system, the use of higher concentrations of CO presents 
temperature control problems and is not preferred. The method of the present invention 
is particularly well suited for purifying gas mixtures containing small, but detrimental, 
amounts of CO. Thus, the concentration of CO is preferably less than about 2% by 
volume, more preferably less than about 1%, and still more preferably less than about 
0.5%. The amount of hydrogen gas in the gas mixture is not particularly limited, since it 
is the small amount of CO which reacts, and the H 2 passes through the reaction system 
with little or no oxidation. To provide gas mixtures suitable for use with PEM fuel cells, 
it is preferred to use a starting gas mixture containing at least about 20% by volume H 2 , 
preferably at least about 50% H 2 , and more preferably at least about 80% H 2 . 

The oxygen transfer catalyst utilized in the method of the invention is a material 
having at least two forms, or states: an oxidized state and a reduced state, in the oxidized 
state, the oxygen transfer catalyst contains oxygen which can be used to oxidize CO. 
Thus, the oxidized state of suitable catalysts is one which, upon contact with CO and H 2 
at an appropriate temperature, preferentially oxidizes the CO to CO, more readily than it 
oxidizes H 2 . In the reduced state, a suitable oxygen transfer catalyst can be oxidized by 
contact with an oxygen-containing gas, such as air. The oxidized state and the reduced 
state of the oxygen transfer catalyst are reversibly linked, so that upon contact with CO, 
the oxygen transfer catalyst in the oxidized state oxidizes CO and is thereby reduced to 
the reduced state. Similarly, upon contact with an oxygen-containing gas, the oxygen 
transfer catalyst in the reduced state is oxidized to the oxidized state. Although not 
previously known to selectively oxidize CO in a hydrogen-containing gas, such oxygen 
transfer catalysts are known, and are described in, for example, U.S. Patent Nos. 
5,339,754 and 5,509.362, the disclosures of which are incorporated herein by reference 
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in their entirety. 

Oxygen transfer catalysts are a type of mass transfer catalyst. Mass transfer 
catalysis should be considered in contrast to conventional chemical catalysis. In 
conventional chemical catalysis, the catalyst is believed to alter the reaction pathway by 
providing an alternative reaction mechanism that allows the reaction to proceed more 
rapidly and/or with greater selectivity. Typically, although the chemical catalyst takes part 
in the reaction, it is present in relatively small amounts. The use of small amounts is 
possible because the catalyst is not consumed as a reagent in the reaction. Ideally, the 
catalyst is present in the same amount, and in the same form, at the beginning and end of 
the reaction. Indeed, one common reference defines a "catalyst" as "any substance of 
which a small proportion notably affects the rate of a chemical reaction without itself 
being consumed or undergoing a chemical change." Hawley's Condensed Chemical 
Dictionary, 12th ed. (1993). Typical of such catalysts for oxidation reactions are noble 
metals such as iridium, platinum, palladium, rhodium and rhenium. These noble metals 
are typically present in noble metal catalysts in extremely small amounts, often 0.01% by 
weight or less. When a mixture of air and CO is contacted with the catalyst for example 
in an automobile catalytic converter, the noble metal catalyzes the oxidation reaction but 
does not store any significant quantity of oxygen. If at any instant the air supplied is not 
adequate for complete combustion, the combustion will be incomplete. Thus, the 
effectiveness of the catalyst to oxidize the exhaust gas ultimately depends upon the proper 
fuel/air mixture in the gas stream. 

In contrast unlike conventional chemical catalysts, a mass transfer catalyst 
facilitates the mass transfer of a reactant, an entirely different type of action. In mass 
transfer catalysis, as used in the present invention, there is no need to present the oxygen 
transfer catalyst with a mixture of reagents (0 2 and CO) at all. Instead, the mass transfer 
catalyst serves the dual function of catalyzing the reaction (oxidation) and storing a 
reagent (oxygen), so that the mass transfer catalyst can be exposed to the reagents 
alternately, rather than simultaneously. The present invention utilizes such a mass transfer 
catalyst to oxidize fuel in various combustion systems; Lc. the present invention uses an 
oxygen transfer catalyst. 

Non-limiting examples of oxygen transfer catalysts suitable for use in the present 
invention include copper/copper oxide, silver/silver oxide, nickel/nickel oxide, the higher 
and lower oxides of iron, the higher and lower oxides of cerium, and combinations or 
mixtures thereof. One preferred oxygen transfer catalyst for use in the present invention 
is a copper-copper oxide catalyst. The reduced form of the oxygen transfer catalyst is 
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elemental copper, which is oxidized by contact with an oxygen-containing gas to copper 
oxide. The oxidized form of the oxygen transfer catalyst is cupric oxide (CuO), which 
upon contact with CO at an appropriate temperature oxidizes the CO to C0 2 and is itself 
reduced to the reduced form of the catalyst, elemental copper. 

Still other suitable oxygen transfer catalysts include the higher and lower oxides 
of cerium in conjunction with small amounts of a conventional noble metal catalyst such 
as iridium, platinum, palladium, rhodium, rhenium, and combinations or mixtures thereof. 
While not wishing to be bound by theory, it is believed that the noble metal catalyst 
facilitates the transfer of oxygen to and/or from the cerium or cerium oxides. The amount 
of noble metal catalyst used is not particularly limited, and can be any amount that is a 
catalytically effective amount. One of skill in the art can readily determine the amount of 
noble metal catalyst necessary to facilitate reaction. Because of the economic expense of 
these noble metals, it is preferred to use very small amounts. Suitable amounts are, for 
example, less than about 1% by weight, preferably less than about 0.1%, and more 
preferably less than about 0.01%. Larger amounts arc also expected to be suitable, but 
are preferably avoided because of their cost. 

It should be appreciated that oxygen transfer catalysts suitable for the present 
invention are those catalysts that exhibit the linked oxidized/reduced forms as described 
above, and are not limited to the specifically recited exemplary compounds. In addition, 
oxides and other compounds of other elements that do not participate in the mass transfer 
catalysis reaction may be present. These may include, but are not limited to, materials such 
as silicon oxide, aluminum oxide, Y-doped zirconium oxide or magnesium oxide, which 
may act as physical support materials to maintain the active surface area of the mass 
transfer catalysts. 

The oxygen transfer catalysts may be provided in any convenient form as is 
conventional in the art. Oxygen transfer catalysts are available commercially from various 
sources, such as the Englehard Corporation of Elyria, Ohio. 

It should be appreciated that the oxygen transfer catalyst in the oxidized state 
generally will not be fully oxidized, but will be a mixture of the oxygen transfer catalyst 
in the oxidized and reduced states with a substantial portion in the oxidized state. This 
is simply a matter of convenience, since it is not necessary for the oxygen transfer catalyst 
to be purely in the oxidized form, since the oxidized and reduced forms are used 
alternately in the method and are intercon verted. Thus, the oxygen transfer catalyst in the 
oxidized state can be, for example, a mixture of copper and copper oxide, or can be 
substantially pure copper oxide. 
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When the gas mixture is contacted with the oxygen transfer catalyst in the oxidized 
state, carbon monoxide present in the gas mixture is oxidized to produce carbon dioxide, 
while the oxygen transfer catalyst is reduced to the reduced state. Upon continued 
contact with carbon monoxide, the oxygen transfer catalyst in the oxidized state becomes 
depleted by reduction to the reduced state. Thereafter, the oxidized state is regenerated 
by reoxidizing the oxygen transfer catalyst in the reduced state to the oxidized state. The 
reoxidation is carried out by contacting the oxygen transfer catalyst with an oxygen- 
containing gas. such as air. If desired, the reoxidized oxygen transfer catalyst can be 
contacted with a non-reactive gas, such as nitrogen, argon, steam, etc., before being 
contacted with air, to ensure that the oxygen-containing gas does not mix with any 
residual hydrogen-containing gas. Upon contact with air, the reduced state is oxidized to 
the oxidized state. After the oxygen transfer catalyst is reoxidized so that substantially all 
of the oxygen transfer catalyst is in the oxidized state, the oxygen transfer catalyst can 
again be contacted with the hydrogen-containing gas mixture. If desired, the reoxidized 
oxygen transfer catalyst can be contacted with a non-reactive gas, such as nitrogen, argon, 
steam, etc., before being contacted with the hydrogen-containing gas mixture. 

The steps of reducing and oxidizing the oxygen transfer catalyst are carried out 
alternately, so that during the reduction of the oxidized state (the oxidation of CO), 
gaseous 0 2 is not present, and during the oxidation of the reduced state (regenerating the 
oxidized state), the hydrogen-containing gas mixture is not present. Thus, the method of 
the invention advantageously avoids the need to mix together the hydrogen-containing gas 
and an oxygen containing gas. Further, since the catalyst reoxidizing step is entirely 
distinct from the step in which CO is oxidized, the heat of reaction generated by the 
exothermic oxidation of the oxygen transfer catalyst is liberated when the hydrogen- 
containing gas mixture is not present. The alternate step, in which CO is oxidized and the 
oxygen transfer catalyst is reduced, is also exothermic, but releases only a fraction of the 
overall heat of a conventional CO oxidation in which the CO and O, gases are mixed. 

It will be apparent that the appropriate rime to switch from the CO oxidizing step 
to the oxygen transfer catalyst reoxidation (regeneration) step is determined by the 
decreasing effectiveness of the catalyst. That is, as the oxidized state of the catalyst is 
depleted, and more of the reduced state is formed, the catalyst will be less effective at 
selectively oxidizing the CO. One skilled in die art can readily determine such appropriate 
time in any convenient manner. For example, the position of the reaction front through 
the oxygen transfer catalyst can be monitored by conventional techniques, such as by 
monitoring temperature, paramagnetism, or dielectric constant. Alternatively, the CO 
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concentration of the gas mixture after contact with the oxygen transfer catalyst can be 
monitored by conventional techniques. Similar methods can be used to monitor the 
progress of the reverse reaction, the reoxidation of the oxygen transfer catalyst. Such 
methods are entirely conventional, and one skilled in the art can choose the times for 
changing between the alternate steps based on convenience and reaction efficiency. 

It is well-known in the art that selective catalytic oxidation of CO in the presence 
of H 2 is best accomplished at temperatures at which the CO oxidation proceeds rapidly, 
but the undesired competing reaction of H 2 oxidation proceeds slowly. It has surprisingly 
been discovered that oxygen transfer catalysts at the proper temperature will selectively 
oxidize CO more rapidly than H 2 . This result is surprising, since one would expect that 
the more reactive H 2 would be oxidized first, or at least at a significant rate, so that 
selective oxidation of CO without substantial oxidation of H 2 would not occur. 

Since the oxidation is carried out catalyticalty, the optimal reaction temperature 
depends upon the specific catalyst used, and its physical form. In general, such optimal 
temperatures are determined empirically. Whether a particular temperature is suitable or 
not for the practice of the present invention depends upon the absolute rate of oxidation 
of CO, as well as the relative rates of CO versus H 2 oxidation. One skilled in the art of 
chemical catalysis can readily determine the optimal temperature for a particular catalytic 
system using well-known techniques. 

For a copper/copper oxide catalyst system, CO is preferentially oxidized even at 
temperatures as low as about 40 °C. (See Examples, infra.) At such low temperatures, 
however, the reaction is inconveniently slow. At the high temperatures typically used in 
conventional oxygen transfer catalysis, H 2 is oxidized, and the reaction loses its selectivity. 

A convenient measure of preferred temperatures for the present method is the 
"ignition temperature" which as used herein means the temperature at which a rapid 
increase in the rate of reaction is observed. Since the CO oxidation reaction is 
exothermic, the rate of increase in the temperature of the reaction system is correlated to 
the rate of reaction. The ignition temperature is conveniently determined by, for example, 
monitoring the reaction temperature as a function of time, for gas mixtures supplied to the 
oxygen transfer catalyst at different initial temperatures. Specific examples of determining 
the ignition temperature for particular reaction systems are given in the Examples below. 

It is preferred to run the reaction at or above the ignition temperature, since the 
oxidation of CO at temperatures below the ignition temperature is inconveniently slow. 
At higher temperatures, an ignition temperature for H 2 oxidation may be encountered, 
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resulting in loss of selectivity. Even if no H 2 ignition temperature is observed, it is 
expected that selectivity for CO oxidation will decrease at high enough temperatures. 
Thus, the preferred temperature range for each catalyst system is the range of 
temperatures in which the CO is oxidized at an acceptable rate, but selectivity is retained. 
Depending upon the source of the hydrogen-containing gas mixture, the gas mixture may 
need to be heated or cooled to the desired temperature. If desired, the oxygen transfer 
catalyst may also be heated or cooled to a desired temperature. 

For a copper/copper oxide catalyst, ignition temperatures for both CO and H 2 are 
observed, as described in the Examples. Thus, the preferred temperature is the range from 
the ignition temperature of CO to the ignition temperature of H 2 . 

The Examples below show the appropriate temperature range for the Cu/CuO 
catalyst as about 172°C to about 184°C. However, these temperature values are strongly 
dependent upon the way in which temperature is measured. For example, depending upon 
the method of measuring temperature, the temperature may indicate the true gas 
temperature, the temperature of the oxygen transfer catalyst, the temperature of the walls 
of a reaction vessel, or a complex function of these and other temperatures. One skilled 
in the an will readily understand that the actual numerical value of the temperature is not 
particularly important, and may be measured in any convenient way. The proper 
temperature for carrying out the method of the present invention, however such 
temperature is measured, is readily determined by optimizing the balance between CO 
oxidation rate and reaction selectivity, as described herein. 

When using an iron/iron oxides oxygen transfer catalyst in the method of the 
invention, hydrogen gas is not oxidized at any temperature. The lower limit of reaction 
temperature is thus simply determined by the rate of CO oxidation. When the temperature 
is increased, at some point the CO oxidation efficiency will begin to decrease, as the CO 
fails to interact effectively with the catalyst. One skilled in the art can readily determine 
the appropriate temperature range. 

When using a silver/silver oxide oxygen transfer catalyst, the silver oxide 
decomposes at higher temperatures. In fact, the temperature where silver oxide begins 
to show significant decomposition is close to the ignition temperature of CO, At higher 
temperatures, decomposition of the silver oxide releases oxygen gas, and leaves elemental 
silver. This combination of 0 2 gas and silver metal is well suited for catalytic oxidation 
in the conventional chemical sense, and will efficiently oxidize CO and H 2 with little or no 
selectivity. Thus, when a silver/silver oxide oxygen transfer catalyst is used, the preferred 
temperature is below the decomposition temperature of the silver oxide. 
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Similar considerations and determinations will readily lead to the appropriate 
temperature range for nickel/nickel oxide, cerium/cerium oxide/noble metal, and other 
catalytic systems. 

The method of the present invention may be carried out at atmospheric pressure, 
5 or at higher pressures if desired. Typical reaction pressures are from about 1 to about 1 0 
atmospheres, but the invention is not limited to this range. Likewise, the method of the 
present invention can be carried out at a convenient space velocity determined by reaction 
efficiency. When the space velocity is too great, of course, some of the CO will fail to be 
oxidized. Preferably, the space velocity will be at least about 1000 v/v/hr, and can be 
10 considerably higher. 

If desired, the oxygen transfer catalyst can be provided on a support such as a 
porous ceramic support. Such catalyst supports are well known in the art. Preferred 
porous ceramic supports include alumina, magnesia, and mixtures thereof. A preferred 
support for use in the present invention is alumina. 
25 15 in another aspect of the present invention, an apparatus for the selective oxidation 

of carbon monoxide in a hydrogen-containing gas mixmre is provided. The apparatus 
includes means for contacting a gas mixture containing hydrogen gas and carbon 
monoxide with an oxygen transfer catalyst in an oxidized state, such that at least a portion 
30 of Uie carbon monoxide in the gas mixture is oxidized to carbon dioxide without 

substantial oxidation of the hydrogen gas, and at least a portion of the oxygen transfer 
catalyst in the oxidized state is reduced to a reduced state. The apparatus also includes 
means for reoxidizing the oxygen transfer catalyst in the reduced state to the oxidized 
state. Nonlimiting examples of various structures which perform these functions are set 
forth in the embodiments described below and illustrated in the figures. 

For iUustrative purposes, the apparatus for carrying out the method of the 
invention as set forth below includes specific embodiments which utilize packed bed 
reactors. It should be understood that the teachings of the present invention can, 
however, be applied to any system regardless of the reactor configuration. 

Referring now to Figure 1, one embodiment is shown of an apparatus that may be 
45 30 ased t0 *leclivdy oxidize carbon monoxide in a hydrogen-containing gas mixture without 

substantially oxidizing the hydrogen. Thus, Figure 1 shows a thermally selective oxidation 
apparatus 10. A gas mixture containing carbon monoxide and hydrogen gas is delivered 
to apparatus 10 through a conveyance 12 such as a pipe with a tubular channel. The gas 
50 nature * passed to a heat exchanger 14 which is in fluid communication with conveyance 
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12. In heat exchanger 14, the temperature of the gas mixture is adjusted to a desired 
temperature by thermal contact with a heat transfer device 16 disposed within heat 
exchanger 14, The temperature of heat transfer device 16 is regulated hy passage of a 
fluid through heat transfer device 16, the fluid entering heat exchanger 14 through a 
conveyance 18, and exiting through a conveyance 20. 

The gas mixture, now cooled or heated to a desired temperature, passes through 
a conveyance 22 into a reactor 24 such as a packed bed reactor. The gas mixture initially 
passes through a first flow distributor 26 which can be a perforated plate or other device 
that acts both to retain an oxygen transfer catalyst 28 and to evenly distribute the flow of 
gas into oxygen transfer catalyst 28. The oxygen transfer catalyst 28 is initially provided 
in the oxidized state. As the gas mixture passes through oxygen transfer catalyst 28, the 
carbon monoxide contained in the gas mixture is oxidized to produce carbon dioxide, and 
oxygen transfer catalyst 28 is reduced to the reduced state. As the gas mixture leaves 
oxygen transfer catalyst 28, it passes through a second flow distributor 30, which may be 
essentially identical to first flow distributor 26. The gas mixture, now essentially depleted 
of carbon monoxide, passes through a conveyance 32 and exits the system. 

As the cumulative amount of carbon monoxide passed through reactor 24 
approaches a stoichiometric equivalent with respect to oxygen transfer catalyst 28, oxygen 
transfer catalyst 28 becomes depleted. It is then necessary to stop the flow of the gas 
mixture to the system and regenerate oxygen transfer catalyst 28 by passing an oxygen- 
containing gas through apparatus 10. If desired, apparatus 10 can first be purged with a 
non-reactive gas such as nitrogen, argon or steam. 

The steps of alternately reducing and regenerating the oxygen transfer catalyst can 
be performed discontinuously, as discussed above in reference to Figure 1, or 
continuously. Figure 2 illustrates a selective oxidation system 40 for continuous 
processing of a hydrogen- containing gas mixture according to another embodiment of the 
invention. A source 41 of a hydrogen-containing gas mixture is in fluid communication 
with a heat exchanger 42 through a conveyance 44 such as a pipe. Heat transfer in heat 
exchanger 42 is effected by thermal contact with a heat transfer device in which a fluid 
enters through a conveyance 46 and exits through a conveyance 47. The heat exchanger 
42 can be substantially the same as heat exchanger 14 shown in more detail in Figure 1 . 

Returning to Figure 2, the gas mixture, now heated or cooled to a desired 
temperature, exits heat exchanger 42 through a conveyance 48 and passes to a first 
four-way valve 50. The four-way valve 50 may direct the gas mixture either to a first 
reactor 52 or a second reactor 54, via a conveyance 56 or a conveyance 58, depending 
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upon the arrangement of four-way valve 50. The first reactor 52 and the second reactor 
54 can be of essentially the same construction. For illustrative purposes, first reactor 52 
is shown in cut-away view, while second reactor 54 is shown enclosed. In the 
configuration shown in Figure 2, four-way valve 50 is arranged to direct the gas mixture 
through conveyance 56 to first reactor 52 for oxidation of CO. The gas mixture exits first 
reactor 52 through a conveyance 60 and encounters a second four-way valve 62, which 
directs the gas mixture to a conveyance 64, through which the gas mixture exits system 
40. 

A source 65 of an oxygen-containing gas such as air is in fluid communication with 
reactors 52 and 54 through a conveyance 66 operatively connected to four-way valve 62. 
The air is directed to a conveyance 68 for passage to second reactor 54 to reoxidize the 
catalyst therein in a reduced state. As the air exits second reactor 54 via conveyance 58, 
the air encounters four-way valve 50, which directs the air through a conveyance 70 to 
exit system 40. 

As noted above, first and second reactors 52 and 54 in Figure 2 can be essentially 
the same. Using first reactor 52 for illustrative purposes, first reactor 52 includes an 
external shell 72 which encloses an oxygen transfer catalyst 74. The oxygen transfer 
catalyst 74 is held in place by a pair of opposing flow straighteners 76 and 77. The flow 
straighteners 76 and 77 are in turn held in place by a pair of opposing retaining rings 78 
and 79, which are supported by a pair of flanges 80 and 8 1 held in place by a plurality of 
bolt connections 82 made with outer shell 72. 

Operation of the system shown in Figure 2 is discussed in more detail as follows. 
A hydrogen-containing gas mixture having a carbon monoxide impurity is directed to heat 
exchanger 42, where the gas mixture reaches a desired temperature through exchange of 
heat with a heat transfer fluid entering heat exchanger 42 through conveyance 46, and 
leaving through conveyance 48. After a desired temperature has been reached, the gas 
mixture is directed through conveyance 48 to four- way valve 50, which may direct the gas 
mixture to either first reactor 52 or second reactor 54. As shown in Figure 2, four- way 
valve 50 is configured to direct the gas mixture to first reactor 52. When the gas mixture 
enters first reactor 52, it encounters flow straightener 76, which serves to distribute the 
flow of the gas mixture evenly across the surface of oxygen transfer catalyst 74. At least 
a portion, and preferably substantially all, of oxygen transfer catalyst 74 is initially in the 
oxidized state. Carbon monoxide in the gas mixture contacts oxygen transfer catalyst 74, 
and is oxidized to carbon dioxide. The gas mixture, now essentially depleted of carbon 
monoxide, exits oxygen transfer catalyst 74 by passing through flow straightener 77 to 
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conveyance 60. The gas mixture then flows to four-way valve 62, and is directed out of 
system 40 to be used as desired. 

At the same time that the gas mixture is passing through first reactor 52, an 
oxygen-containing gas, preferably air/is supplied to the system via conveyance 66. The 
oxygen-containing gas can be supplied at any convenient temperature, such as room 
temperature. The oxygen-containing gas encounters four-way valve 62, which directs the 
oxygen-containing gas to second reactor 54. Keeping in mind that first and second 
reactors 52 and 54 are essentially the same, second reactor 54 also includes ail of the 
components described above in reference to first reactor 52. Thus, as the oxygen- 
containing gas passes through second reactor 54, the flow of the gas is distributed by flow 
straighteners evenly across the surface of an oxygen transfer catalyst contained within 
second reactor 54. At least a portion, and preferable substantially all, of the oxygen 
transfer catalyst in second reactor 54 is initially provided in the reduced state. As the 
oxygen-containing gas contacts the oxygen transfer catalyst in the reduced state, the 
oxygen transfer catalyst is oxidized to the oxidized state. Any unreacted remainder of the 
oxygen-containing gas exits second reactor 54 through conveyance 58, and is directed by 
four-way valve 50 to exit system 40 through conveyance 70. 

Thus, a hydrogen-containing gas mixture with a carbon monoxide impurity is 
purified by selective oxidation of the carbon monoxide in reactor 52 by contact with an 
oxygen transfer catalyst in the oxidized state. At the same time, in second reactor 54, an 
oxygen transfer catalyst in the reduced state is regenerated (reoxidized) to the oxidized 
state by contact with an oxygen-containing gas. It is a particular feature of the present 
invention that first and second reactors 52 and 54 are essentially the same, and four-way 
valves 50 and 62 can be switched to change the flow of gases in the system. Further, 
there is no preference in the conveyances or reactors of the system for a particular 
direction of gas flow; i.e., gases can be directed in the direction of from conveyance 56 
through first reactor 52 to conveyance 60, or can be directed in the other direction, from 
conveyance 60 through first reactor 52 to conveyance 56. It should be apparent that the 
same relationship holds for the direction of flow through second reactor 54. 

Because of this high degree of symmetry, system 40 can be operated in a 
substantially continuous mode. Thus, for example, while a hydrogen-containing gas 
mixture is purified in the first reactor, the oxygen transfer catalyst is reoxidized in the 
second reactor. When the oxygen transfer catalyst in the first reactor becomes depleted, 
i.e., a substantial amount of the oxygen transfer catalyst has been reduced to the reduced 
state, each four-way valve can be switched, so that the flow of the hydrogen-containing 
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gas is redirected to the second reactor, which now contains a regenerated oxygen transfer 
catalyst, and the flow of oxygen-containing gas is redirected to the first reactor, where it 
rcoxidizes the depleted oxygen containing catalyst. 

The process of reoxidizing the oxygen transfer catalyst described above includes 
contacting the oxygen transfer catalyst with an oxygen-containing gas, such as air. If 
desired, the oxygen transfer catalyst can be contacted with a non-reactive gas either 
before, after, or both before and after, contacting it with the oxygen-containing gas. This 
flow of non-rcactive gas serves to purge the reactor of any residual hydrogen-containing 
gas, preventing contact between the hydrogen-containing gas and the air. The non- 
reactive gas can be any gas or gas mixture that does not react with the oxygen transfer 
catalyst, such as nitrogen, argon, steam, etc. A preferred non-reactive gas is steam. 

If this purging step is not performed, then it is advantageous to avoid contact 
between the hydrogen-containing gas mixture and the oxygen-containing gas by stopping 
the supply of oxygen-conlaining gas to the reactor in which catalyst reoxidation is taking 
place before the regeneration of the oxygen transfer catalyst is complete. In this situation, 
the air coming out of the reactor is strongly depleted of oxygen. Thus, when the 
hydrogen-containing gas starts to flow through the reactor it will not contact oxygen- 
containing air, but rather air from which the oxygen has been removed. 

The reaction between oxygen and the oxygen transfer catalyst is highly 
exothermic. This exothermicity results in substantial heating of both the oxygen- 
containing gas and the oxygen transfer catalyst, and may heat the oxygen transfer catalyst 
to a temperature greater than the preferred temperature for the selective oxidation of 
carbon monoxide in the presence of hydrogen. While such overheating is a severe 
problem in the prior art, it is not a problem in the present invention, since it occurs in the 
absence of the hydrogen-containing gas. The oxygen transfer catalyst may be cooled to 
the preferred operating temperature by any of a variety of cooling means known in the art, 
such as purging the catalyst with a flow of steam, with the flow of steam being at the 
desired lower temperature, before the flow of the hydrogen-containing gas is restarted. 

Air exiting system 40 via conveyance 70 may be directed to other uses and may 
be a source of useful heat. 

The following examples are provided to more fully describe particular aspects of 
the invention. These examples are intended to be purely illustrative, and should not be 
viewed as limiting the scope of the present invention which is defined by the appended 
claims. 
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Example 1 

The system shown in Figure 3 was used to demonstrate, on a laboratory scale, 
certain features of the present invention. Referring to Figure 3, a system 100 is shown. 
In this experimental arrangement, a reactor 1 10 includes an electric tube furnace 1 12 
containing a quartz tube 1 14. Air and a fuel (either hydrogen or carbon monoxide) are 
supplied to quartz tube 114 by a three-way valve 116. The three-way valve 1 16 is 
configured to admit either air only or the fuel only, to quartz tube 1 14. The three-way 
valve 1 1 6 is controlled by a cycle timer 118, which sends a signal via a wire 1 20 indicating 
whether three-way valve 1 1 6 should admit the fuel or air to quartz tube 1 1 4. An alumina 
ring 122 is impregnated with the oxygen transfer catalyst, and cemented onto the end of 
a thermocouple 1 24. The thermocouple 1 24 is placed inside quartz tube 1 1 4 in electric 
furnace 1 12. The signal from thermocouple 124 is directed to a readout device such as 
a strip chart recorder 1 26. 

At the start of the experiment, the catalyst was in an oxidized state, and cycle timer 
1 1 8 was turned on. Air and the fuel were alternately directed through three-way valve 
1 1 6 into quartz tube 114. The tube furnace 1 12 was turned on, with the temperature 
measured by thermocouple 124 and monitored by strip chart recorder 126. Initially, the 
temperature rose at a rate corresponding to the rate of heating of the furnace, i.e., the 
temperature rose slowly. When the fuel and air passing alternately over the catalyst began 
to reduce and oxidize it the temperature began to increase at a rapid rate. The 
temperature at which this rapid temperature increase occurs is the ignition temperature 
for a given fuel and oxygen transfer catalyst, as measured in this system. The experiment 
was performed on several fuel/catalyst systems- 
Table 1 illustrates the results of these tests. 

Table 1 : Ignition Temperatures of CO and H 2 

Ignition Temperature 



Metal/Oxide Fuel °C °F 



Fe/FeO 


Carbon Monoxide 


295 


563 


Ni/NiO 


Carbon Monoxide 


265 


509 


Ag/AgO 


Carbon Monoxide 


153 


307 


Cu/CuO 


Carbon Monoxide 


172 


342 


Cu/CuO 


Hydrogen 


184 


364 



The temperatures shown in the Table arc useful for illustrative purposes, but as 
described above, do not accurately represent the gas temperature, and are strongly 



WO 00/41799 



PCT/US99/24260 



17 

dependent upon the specific method of measuring temperature However, the data shown 
in Table 1 do indicate that each of the oxygen transfer catalysts tested will react to oxidize 
carbon monoxide. The temperature at which each catalyst system "ignites" is thus readily 
determined. 

Table 1 further illustrates the selectivity for oxidation of CO over H 2 when the 
oxygen transfer catalyst is copper/copper oxide. Although Table 1 shows that both 
hydrogen and carbon monoxide will react with copper oxide, there is a measured 
difference in the temperatures at which each will "ignite". This difference in ignition 
temperatures is exploited in the present invention to provide a method for the selective 
oxidation of carbon monoxide in a hydrogen-containing gas mixture without substantially 
oxidizing the hydrogen. 

Example 2 

In order to illustrate the selectivity of carbon monoxide oxidation in the presence 
of hydrogen, a second experiment was performed. The experimental apparatus is 
conventional, and is not shown. A tubular reactor 1.25 cm in diameter was filled with 
inert ceramic pellets and a commercial copper oxide catalyst (Englehard) on 2.5 mm 
pellets. The tubular reactor was placed inside a vertical tube furnace, and a mixture of 
carbon monoxide (2970 ppm), nitrogen (3%) and the balance hydrogen was delivered to 
the reactor at a gas hourly space velocity of 6200 v/v/hr. Gases exiting the reactor first 
passed through a cold finger trap to observe the formation of any moisture, which would 
indicate oxidation of hydrogen gas, and then to a non-dispersive infrared carbon monoxide 
analyzer. A thermocouple placed in the catalyst bed provided an indication of temperature 
during the experiment. The electric furnace was turned on, and the carbon monoxide 
concentration was monitored as a function of the temperature of the thermocouple in the 
reactor. 

The results of this experiment are shown in fable 2. 
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Table 2: Selective Oxidation of CO in the Presence of H, 



Temperature (°C) [CO] (ppm) Water Observed? 



ambient 


2970 


No 


41 


2100 


No 


50 


1720 


No 


60 


1250 


No 


65 


1220 


No 


70 


1050 


No 


79 


870 


No 


81 


850 


Yes 



As the data in Tabic 2 indicate, carbon monoxide oxidation was observed at 
temperatures as low as 41 °C. The effectiveness of carbon monoxide oxidation continued 
to increase with temperature. At a temperature of 81 °C, where the carbon monoxide 
concentration had reached 850 ppm, moisture was observed in the cold finger. These 
results indicate the selective oxidation of carbon monoxide in the presence of hydrogen 
gas. 

The present invention may be embodied in other specific forms without departing 
from its spirit or essential characteristics. The described embodiments are to be 
considered in all respects only as illustrative and not restrictive. The scope of the 
invention is, therefore, indicated by the appended claims rather than by the foregoing 
description. All changes which come within the meaning and range of equivalency of the 
claims are to be embraced within their scope. 

What is claimed is: 
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1. A method of selectively oxidizing carbon monoxide in a hydrogen- 
containing gas mixture, comprising the steps of: 

providing a gas mixture comprising hydrogen gas and carbon monoxide; 
providing an oxygen transfer catalyst having an oxidized state and a reduced state; 

and 

alternately performuig the steps of: 

contacting the gas mixture with the oxygen transfer catalyst in the oxidized 
state, such that at least a portion of the carbon monoxide in the gas mixture is 
oxidized to carbon dioxide, and at least a portion of the oxygen transfer catalyst 
in the oxidized stale is reduced to the reduced state; and 

reoxidizing trie oxygen transfer catalyst in the reduced state to the oxidized 

state. 

2. The method of claim 1, wherein the gas mixture comprises at least about 
20% by volume hydrogen gas, and less than about 5% by volume carbon monoxide. 

3. The method of claim I, wherein the gas mixture comprises at least about 
50% by volume hydrogen gas, and less than about 2% by volume carbon monoxide. 

4. The method of claim 1, wherein the gas mixture comprises at least about 
80% by volume hydrogen gas, and less than about 0.5% by volume carbon monoxide. 

5. The method of claim 1 , wherein the oxygen transfer catalyst in the oxidized 
state comprises a reducible metal oxide that is reduced by contact with the gas mixture to 
form the oxygen transfer catalyst in the reduced state. 

6. Hie method of claim 5, wherein the reducible metal oxide is selected from 
the gjoup consisting of copper oxide, silver oxide, nickel oxide, iron oxide, and 
combinations or mixtures thereof. 

7. The method of claim 1 , wherein the oxygen transfer catalyst in the oxidized 
state comprises a reducible cerium oxide and a noble metal selected from the group 
consisting of iridium, platinum, palladium, rhodium, rhenium, and combinations or 
mixtures thereof. 

8. The method of claim 7, wherein the noble metal is present in an amount 
of less than about 0. 1 % by weight. 

9. The method of claim 7, wherein the noble metal is present in an amount 
of less than about 0.01% by weight. 

1 0. The method of claim 1, wherein the step of contacting the gas mixture with 
the oxygen transfer catalyst in the oxidized state is carried out at a pressure of about 1 to 
about lOatm. 
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1 1 . The method of claim 1 , wherein the step of contacting the gas mixture with 
the oxygen transfer catalyst in the oxidized state is carried out at a temperature at which 
the hydrogen gas is not substantially oxidized by the oxygen transfer catalyst. 

1 2. The method of claim 1 , wherein the step of reoxidizi ng the oxygen transfer 
5 catalyst is carried out by contacting the oxygen transfer catalyst in the reduced state with 

an oxygen-containing gas. 

13. The method of claim 12, wherein the oxygen-containing gas is air. 

14. A method of selectively oxidizing carbon monoxide in a hydrogen- 
containing gas mixture, comprising the steps of: 

1 0 providing a gas mixture comprising hydrogen gas and carbon monoxide; 

20 providing an oxygen transfer catalyst comprising a reducible copper oxide; and 

alternately performing the steps of: 

contacting the gas mixture with the copper oxide, such that at least a 
portion of the carbon monoxide in the gas mixture is oxidized to carbon dioxide, 
25 * 5 an d at least a portion of the copper oxide is reduced to copper; and 

reoxidizing the copper to copper oxide by contacting the copper with an 
oxygen-containing gas. 

1 5 . The method of claim 1 4, wherein the gas mixture comprises at least about 
30 20 % by volume hydrogen gas, and less than about 5% by volume carbon monoxide. 

20 16. The method of claim 1 4, wherein the step of contacting the gas mixture 

with the copper oxide is carried out at a temperature at which the hydrogen gas is not 
substantially oxidized by the copper oxide. 

1 7. The method of claim 14, wherein the oxygen-containing gas is air. 

18. A method of selectively oxidizing carbon monoxide in a hydrogen- 
25 containing gas mixture, comprising the steps of: 

directing a gas mixture comprising hydrogen gas and carbon monoxide into a heat 
exchanger; 

directing the gas mixture from the heat exchanger to a first reactor containing a 
first oxygen transfer catalyst in an oxidized state; 
45 30 passing the gas mixture over the first catalyst in the oxidized state so that at least 

a portion of the carbon monoxide in the gas mixture is oxidized to carbon dioxide, and at 
least a portion of the first catalyst is reduced to a reduced state; 

directing an oxygen-containing gas into a second reactor containing a second 
50 oxygen transfer catalyst in a reduced state; 

35 passing the oxygen-containing gas over the second catalyst in the reduced state 
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so that at least a portion of the second catalyst is oxidized to an oxidized state; 

redirecting the gas mixture from the heat exchanger to the second reactor 
containing the second catalyst in the oxidized state; 

passing the gas mixture over the second catalyst in the oxidized state so that at 
least a portion of the carbon monoxide in the gas mixture is oxidized to carbon dioxide, 
and at least a portion of the second catalyst is reduced to the reduced state; 

redirecting the oxygen-containing gas into the first reactor containing the first 
catalyst in the reduced state; and 

passing the oxygen-containing gas over the first catalyst in the reduced state so 
that at least a portion of the first catalyst is oxidized. 

1 9. The method of claim 1 8, wherein the gas mixture comprises at least about 
20% by volume hydrogen gas, and less than about 5% by volume carbon monoxide. 

20. The method of claim 1 8, wherein the first catalyst in the oxidized state 
comprises a reducible metal oxide that is reduced by contact with the gas mixture to form 
the first catalyst in the reduced state, and the second catalyst in the oxidized state 
comprises a reducible metal oxide that is reduced by contact with the gas mixture to form 
the second catalyst in the reduced state 

2 1 . The method of claim 20, wherein the reducible metal oxide of the first and 
second catalysts is selected from the group consisting of copper oxide, silver oxide, nickel 
oxide, iron oxide, and combinations or mixtures thereof. 

22. The method of claim 1 8, wherein the first catalyst in the oxidized state and 
the second catalyst in the oxidized state each comprises a reducible cerium oxide and less 
than about 0.1% by weight of a noble metal selected from the group consisting of iridium, 
platinum, palladium, rhodium, rhenium, and combinations or mixtures thereof. 

23 . The method of claim 1 8, wherein the steps of passing the gas mixture over 
the first catalyst and passing the gas mixture over the second catalyst are carried out at 
a temperature at which the hydrogen gas is not substantially oxidized by the first catalyst 
or the second catalyst. 

24. An apparatus for the selective oxidation of carbon monoxide in a 
hydrogen-containing gas mixture, comprising: 

means for contacting a gas mixture comprising hydrogen gas and carbon monoxide 
with an oxygen transfer catalyst in an oxidized state such that at least a portion of the 
carbon monoxide in the gas mixture is oxidized to carbon dioxide without substantial 
oxidation of the hydrogen gas, and at least a portion of the oxygen transfer catalyst in the 
oxidized state is reduced to a reduced state; and 
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means for reoxidizing the oxygen transfer catalyst in the reduced state to the 
oxidized state. 

25. The apparatus of claim 24 ? wherein the oxygen transfer catalyst in the 
oxidized state comprises a reducible metal oxide that is reduced by contact with the gas 
mixture to form the oxygen transfer catalyst in the reduced state. 

26. The apparatus of claim 25, wherein the reducible metal oxide is selected 
from the group consisting of copper oxide, silver oxide, nickel oxide, iron oxide, and 
combinations or mixtures thereof. 

27. The apparatus of claim 24, wherein the oxygen transfer catalyst in the 
oxidized state comprises a reducible cerium oxide and a noble metal selected from the 
group consisting of iridium, platinum, palladium, rhodium, rhenium, arid combinations or 
mixtures thereof. 

28. A system for selectively oxidizing carbon monoxide in a hydrogen- 
containing gas mixture, comprising: 

a source of a hydrogen-containing gas mixture; 

a heat exchanger in fluid communication with the source of the hydrogen- 
containing gas mixture; 

a first reactor in fluid cornmunication with the heat exchanger, the first reactor 
containing a first oxygen transfer catalyst having an oxidized state and a reduced state; 

a second reactor in fluid communication with the heat exchanger, the second 
reactor containing a second oxygen transfer catalyst having an oxidized state and a 
reduced state; and 

a source of an oxygen-containing gas in fluid communication with the fust and 
second reactors; 

wherein when the first catalyst is in the oxidized state in the first reactor, the first 
catalyst is capable of oxidizing carbon monoxide in the gas mixture in contact with the 
first catalyst, while the second catalyst in the reduced state in the second reactor is being 
oxidized by the oxygen^ontaining gas, and when the second catalyst is in the oxidized 
state, the second catalyst is capable of oxidizing carbon monoxide in the gas mixture in 
contact with the second catalyst, while the first catalyst in the reduced state is being 
oxidized by the oxygen-containing gas. 

29. The system of claim 28, wherein the gas mixture comprises at least about 
20% by volume hydrogen gas, and less than about 5% by volume carbon monoxide. 

30. The system of claim 28, wherein the first catalyst in the oxidized state 
comprises a reducible metal oxide that is reduced by contact with the gas mixture to form 
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the first catalyst in the reduced state, and the second catalyst in the oxidized state 
comprises a reducible metal oxide that is reduced by contact with the gas mixture to form 
the second catalyst in the reduced state. 

3 1 . The system of claim 30, wherein the reducible metal oxide of the first and 
second catalysts is selected from the group consisting of copper oxide, silver oxide, nickel 
oxide, iron oxide, and combinations or mixtures thereof. 

32. The system of claim 28, wherein the first catalyst in the oxidized state and 
the second catalyst in the oxidized state each comprises a reducible cerium oxide and less 
than about 0. 1 % by weight of a noble metal selected from the group consisting of iridium, 
platinum, palladium, rhodium, rhenium, and combinations or mixtures thereof. 
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